Abstract. Understanding the interactions between groundwater and surface water in permafrost regions is essential to study flood frequencies and river water quality of high latitude/altitude basins. The application of heat tracing methods, based on oscillating streambed temperature signals, is a promising geophysical method for identifying and quantifying the groundwater and surface water interactions. Analytical analysis based on one-dimensional convective-conductive heat transport equation combined with the fiber-optic distributed temperature sensing measurements were applied on a streambed of a mountainous 20 permafrost region in the Yeniugou basin, upper Heihe river, northern Tibetan Plateau. The results indicated that low connectivity existed between the stream and groundwater in permafrost and active layer. The interaction between surface water and groundwater increased with thawing of the active layer. This study demonstrates that heat tracing method can be applied to study surface water-groundwater interactions over temporal and spatial scales in permafrost regions. 
Introduction
Permafrost, an integral part of Earth's cryosphere, has undergone unprecedented changes in the past few decades. Significant hydrological changes in permafrost regions have received worldwide attention because water resources and ecosystems are particularly vulnerable to climate change (Bense et al., 2012; Woo, 2012; Walvoord and Kurylyk, 2016) . Due to its hydrogeological function as an aquitard, permafrost impacts the movement, storage, and exchange of surface water (SW) and 5 groundwater (GW). Subsurface flow also influences the state of permafrost by enhancing heat transfer and accelerating thaw (Bense et al., 2009; Chasmer and Hopkinson, 2016) . Under climate change, permafrost degradation will likely produce large changes in surface and subsurface hydrology concomitant with changes to the hydrological framework, particularly the SW-GW exchange which correlates with water-heat exchange processes (Carey et al., 2013; Wellman et al., 2013; Kurylyk et al., 2014) . The SW-GW exchange directly reflects the effects of permafrost thaw on hydrological processes, such as subsurface 10 flow paths, residence time, and the partitioning of water stored above and below ground. Therefore, understanding the interaction between hydrological changes and permafrost thaw is essential to reduce uncertainties in predicting the responses of water resources and aquatic ecosystems to climate change in high elevation regions (Cheng et al., 2014; Abbott and Jones, 2015) .
Recently, many scientists have investigated hydrological regimes in mountainous permafrost regions (e.g., Cheng and Jin, 15 2013; Cuo et al., 2013; Liu et al., 2011; Ye et al., 2009) . Although explanations of the linkage between permafrost thaw and hydrological processes abound, the logistical challenges of measuring and monitoring subsurface water fluxes and storage in permafrost regions limits the predictions of how future climate change may influence hydrological conditions in these regions (Walvoord et al., 2012; Walvoord and Kurylyk, 2016) . Furthermore, existing modeling studies of increases in baseflow and sub-permafrost flow are based on hypothetical scenarios (Ge et al., 2011; Bense et al., 2012) . 20 Heat tracing methods have been used to identify and quantify reach-specific SW-GW interactions in humid environments (Constantz et al., 2013; Irvine et al., 2017) . Because of conduction and convection, heat is a naturally occurring tracer in stream systems, with daily temperature fluctuations within a SW body leading to temperature responses in the sediments at the SW-GW interface (Constantz, 2008) . By measuring streambed temperatures in an environment with significant differences in groundwater and surface water temperatures, the propagation of a heat signal by conduction and convection heat fluxes can be 25 used as a proxy to indicate exchange flow directions or to quantify exchange fluxes (Hatch et al., 2006; Keery et al., 2007) .
With recent developments in measurement and logger technology, analytical approaches to interpret temporal and spatial dynamics of water fluxes from multilevel temperature records have received much attention and are now common practice (Rau et al., 2014) .
In this study, we assess the feasibility of using heat tracing methods to estimate the SW-GW interactions in a discontinuous 30 mountainous permafrost region of the northern Tibetan Plateau. We present a method to use heat as a tracer of SW-GW interactions which combines a one-dimensional convective-conductive heat transport equation with the temperature measurements by fiber-optic distributed temperature sensing method (FO-DTS). Since the SW-GW interactions in permafrost regions are generally different for river reaches in areas with and without permafrost, these regions present a good target for the heat tracing method. Therefore, this study will aim to (1) identify exchange flow patterns at the SW-GW interface in a mountainous permafrost region, and (2) test the validity of the heat tracing method in permafrost hydrology by comparing areas with and without permafrost. Our investigations will provide an essential display of the capability of heat tracing methods to estimate SW-GW interaction in permafrost environments. 5
Methods

Study Area
The hydrology in discontinuous permafrost regions is believed to be particularly sensitive to natural or human-induced climate changes, because of the potential flow exchanges between the water of suprapermafrost and intrapermafrost zones, or with water in non-permafrost areas (Woo, 2012) . The Yeniugou (YNG) Basin is located in the upper reaches of the Heihe River of 10 the Qilian-Altun Mountain discontinuous permafrost region in the northern Tibetan Plateau (Fig. 1) . It covers an area of approximately 5×10
3 km 2 as a narrow basin stretching 160 km along the Heihe valley, with a width less than 60 km. Elevations range from 2615 to 4876 m a.s.l., with a mean elevation gradient of 14 m km -1 . Fifty-six small glaciers (with total area of 11.34 km 2 ) are distributed at higher elevations (above 4500 m a.s.l.) on both sides of the Qilian Mountains (Huai et al., 2014) .
Glacial meltwater contributes about 3.6 % of the total river runoff (Cheng et al., 2014) . The mountainous permafrost area 15 occupies approximately 68 % of the YNG basin according to the 1:4,000,000 Frozen Ground Map in China (Wang, 2006) .
Measurements from 18 boreholes drilled in the YNG basin show that the thickness of permafrost ranges from 0 to 113 m (Wang et al., 2013) .
Atmospheric circulation patterns over the Tibetan Plateau are dominated by monsoons in summer and the Westerlies in winter (Yao et al., 2012) . Mean annual air temperature in the area is less than 2 °C and mean annual precipitation ranges from 20 approximately 250 mm to 500 mm in the upper reaches of Heihe River (Gao et al., 2016) . Snow-covered areas exceed 40 % of the YNG basin in winter; however snow-covered days constitute less than 10 % of the year, except on glaciers and perennially snow-covered areas (Bi et al., 2015) .
Heat tracing method
The principle of the heat tracing method is that daily temperature fluctuations caused by solar radiation within a SW body lead 25 to temperature responses (because of conduction and convection) in the sediments at the SW-GW interface (Constantz, 2008) .
However, temperature gradient measurements beneath the streambed combined with an analytical or numerical heat transfer model can only estimate point groundwater discharge (Rau et al., 2015) . The application of distributed temperature sensors along river reaches can identify large spatial variations, significantly increasing the spatial and temporal scale of temperature observations (Hatch et al., 2010; Krause et al., 2012; Selker et al., 2006) , but this method cannot provide estimations of 30 4 groundwater directly. In this study, we use an integrated approach that consists of distributed and gradient temperature measurements to investigate SW-GW interactions.
One-dimensional heat transport equation
The one-dimensional (1-D) convective-conductive heat transport equation (1-D HTE) has a sinusoidal temperature boundary at the top and a constant temperature boundary at infinite depth. The streambed vertical fluxes are calculated by the extracted 5 daily sinusoidal component of temperature (Rau et al., 2015) . The one-dimensional heat convection conduction equation is (Eq. 1):
Where, T is temperature, t is time, D is the effective thermal diffusivity, z is depth, and v is the thermal front velocity (Suzuki, 1960) . ) of a solid.
The analytical solution of 1-D HTE is based on an assumption of steady state fluid flow (Stallman, 1965) , which contrasts with the aim of understanding natural processes that are commonly transient in nature. Lautz (2012) and Rau et al. (2015) have 25 shown that the quantification using heat tracing methods based on the assumption of harmonic temperature data can lead to potentially flawed flux estimates. To avoid the heterogeneity of the local thermal physical parameters in constant γ, we only used the direction and variation of the thermal front velocity, which can reflect on the SW-GW interactions.
The principle of this method is that daily temperature fluctuations within a SW body due to solar radiation lead to a temperature response in the streambed at the SW-GW interface due to conduction and convection (Rau et al., 2014) . In this paper, the 30 5 convention used is that v is positive for gaining conditions (i.e., when the SW body gains water), and negative for losing conditions (i.e., when the SW body loses water).
Since common signal-processing methods introduce erroneous temporal spreading of advective velocities and significant anomalies (Rau et al., 2015) , we developed a semi-automated computer program for deriving amplitudes and phases from the temperature data to delineate the noise signal in the temperature-time signal. The program selects the peak temperature and 5 corresponding time in one temperature cycle based on dinural fluctuations, followed by automatic selection of subsequent peaks and time across the remaining records. If the time corresponding the max/min value was overflow a time boundary among a 24-hour period, the problem would set the phase and time as null value.
Fiber-optic distributed temperature sensing (FO-DTS)
The pioneering of a vertical high-resolution DTS system for hydrologic applications was presented by Selker et al. (2006) , 10 which has been widely used in observing a broad range of hydrologic processes (Tyler et al., 2009; Liu et al., 2016) . FO-DTS temperature measurement is based on the analysis of the temperature dependent Raman spectra backscatter properties of a laser pulse that is applied to, and propagates through, a fiber-optic cable (Selker et al., 2006) . The backscattered light is spread across a range of wavelengths, some of which are affected by temperature changes while others are immune. This shift in the light wavelength is referred to as the Raman effect; the light with wavelengths above the incident light is the Raman Stock 15 signal and the light with wavelengths below the incident light is the Raman anti-Stokes signal. By very accurately measuring the difference in the signal intensity of the backscattered light, an accurate temperature measurement can be obtained. Lauer et al. (2013) systematically investigated the capability to identify or estimate groundwater discharge from discharge points using FO-DTS and found that it was reliable when the contrast between groundwater and surface water temperatures exceeded a certain threshold. The strength of the temperature anomaly (AT) were used as an indicator of the temporal 20 variability of these signals, by comparing anomalies on different dates independent of general shifts in streambed temperature.
It is described by the difference of a local temperature measurement to the spatial average temperature of the cable section within the streambed at a specific point (Eq. 4).
Where, AT is strength of the temperature anomaly, T(x) is the temperature (°C), and Xi is the measurement location along the 25 cable.
The variability of AT is described by its temporal standard deviation (STDEV) (Eq. 5):
Field observation system
We collected streambed temperature data from instruments hung in steel piezometers (8 cm inner diameter) driven 80 cm below the base of streambed. A 0.5 cm diameter screen in the piezometer maintained the water fill and allowed for good thermal contact between the sensors and the streambed.
We installed four piezometers in areas with and without permafrost (S1 and S2 at seasonal frozen ground areas, P1 and P2 at 5 permafrost areas) approximately 1 m from the river bank and removed them after finishing the measurement (Fig. 1) We installed a 500 m ruggedized fiber-optic cable with two 50 μm multimode fibers on the streambed approximately 1 m from the river bank and secured the cable with approximately 100 tent pegs attached to the fiber-optic cable with plastic cable ties to avoid preferential heat conduction along the metal pegs. We anchored the cable to the streambed using cobbles.
The precision of fiber-optic temperature measurement is controlled by the total number of photons detected as a function of integration time and the spatial integration length (Rose et al., 2013 ). The applied FO-DTS system (AP Sensing, Böblingen, 15
Germany) is capable of measuring temperature with high precision in 15 min intervals at a spatial resolution of 0.25 m using couple-ended measurements.
To account for temperature offset and instrument drift, we placed a 30 m section of coiled cable and a built-in reference PT100 probe in an insulated box filled with water, using six hours for system maintenance and recalibration. We collected temperature data along the DTS cable continuously over a 48 h period (23-25 September 2015 at S1; 21-22 September 2015 at P2). 20
The precision of FO-DTS declines as signal strength decreases (Rose et al., 2013; Tyler et al., 2009 ). The calibration process can be conducted automatically using the external temperature probe and the built-in program of the DTS equipment, which automatically calibrates the sensor cable in offset and enhanced in attenuation ratio. The calibrated temperature probe was in the same area as a specific length of the sensor cable (a reference loop) to obtain the exact temperature of this loop and to use this as the reference temperature. We collected double-ended measurements for the entire calibration period to offset signal 25 loss along the length of the cable. The measurement precision of temperature after calibration was ±0.12 °C. chose three of these boreholes that were near the streambed temperature observation sites (S2, P1, and P2) and carried out insitu measurements manually two or three times on 18 June, 9-10 August, and 25-26 September in 2015.
Three automatic weather stations (Campbell USA; WS1, WS2, and WS3 in Fig. 1 ) recorded meteorological data at 30 min intervals at the nearby piezometers and boreholes; we also used a manual observation station (WS4, Fig. 1 ) belonging to the National Meteorological Network (elevation 3320 m a.s.l.).
Results
Background temperature of streambed and permafrost 5
The streambed temperature remains low in the YNG basin (5-10 °C, Fig. 2) . The streambed temperature varied from -2 to 22 °C during the observation period; diurnal oscillations ranged from 2 to 22 °C. There existed a clear damping of the stream signal at S1, S2, P1, and P2, with the greatest damping at P2 and lesser damping at P1. The damping indicates the heterogeneous nature of the local physical and thermal properties.
In the streambed at S1, the temperature at the depth of 0 cm were the greatest with a mean value of 8.67 °C, ranging from 0.01 10 to 22.3 °C. P2 had the second largest range with a mean value of 7.79 °C with a range of 0.63-17.35 °C. In the streambed at P2, the mean temperature at 0 cm was higher than that at S2 and P1. The mean temperature at the depth of 50 cm varied significantly across sites (8.83 °C at S1, 7.67 °C at S2, 5.89 °C at P1, and 5.39 °C at P2) which is consistent with the elevation gradient between sites. Figure 3 shows the soil temperature at depths of 0-10 m measured at sites near S2, P1, and P2. The temperatures show that S1 15 and S2 are at locations without permafrost, and P1 and P2 are at locations with warm permafrost (≥ -1.5 °C). We considered the depth of the 0 °C isotherm in late September as the active layer thickness (ALT), which is calculated by interpolating between closely measured points at the time of maximum thaw (Brown et al., 2000) . Result showed that the ALT at P1 and P2 were 1.54 m and 2.78 m, respectively.
Temporal patterns of SW-GW interactions 20
According to the1-D THE (eq.2), the mean thermal velocities impacted on the difference of the physical and thermal parameters among the observation sites and varied from a maximum of-3.12 m d -1 at P1, to a minimum of -0.67 m d -1 at P2.
The streambed at P1 is coarse grained, which could promote higher porosity and lower sediment density and heat capacities, while the other sites' streambed are relative fined. The negative thermal front velocities noted at all the sites indicate losing stream conditions at all locations (with and without permafrost) during the soil thawing period (Fig. 4) . 25
However, the temporal changes of thermal velocities showed a significant difference between the seasonal frozen ground areas and permafrost area. The trends of the thermal velocities at S1 and S2 were not significant, while results at P1 and P2 showed a significant decrease over time at 0.13 cm d -1 and 1.38 cm d -1
, respectively. The difference of the trends indicated that the patterns of interaction between SW-GW were related to the areas with or without permafrost.
Spatial patterns of SW-GW interactions
We carried out FO-DTS temperature surveys at S1 and P2 in September 2016 (Fig. 5) . The observed temperature revealed that stream warming occurred from 09:00 am until 16:00 pm and cooling occurred from 16:00 pm to 09:00 am, corresponding to the piezometer measurements. The temperature of the water column at P2 was lower than that at S2 because the depth of the water column at P2 was shallower than that at S2. The temperature changes at the bottom of surface water column varied less 5 than 0.06 °C along the investigated stream reach.
An analysis on the strength of temperature anomalies AT(xi) revealed a largely homogeneous temperature patterns in the streambed, with a temperature variability of up to 0.7 °C at S1 (Fig. 6a) . The common temperature variations are of ±0.4 °C and around the spatial average. There were no distinct cold spots or high temperature variations (STDEV) along the cable at S1, indicating that there was no up-welling of groundwater. Two warm spots were identified without temporal persistence, 10 probably as a result of shallow water depths blocked by rocks.
The strength of temperature anomalies AT (xi) and their temporal standard deviations (STDEV) at P2 also showed homogeneous temperature patterns in the streambed (Fig. 6b) . The temperature difference to spatial mean was less than 0.25 °C and the STDEV was near 0 °C. Some slight cold spots were identified in the temperature anomalies analysis. Because the influence of heat conduction and streambed topography has been identified up to 0.3 °C (Krause et al., 2011) , while values of the 15 temperature anomaly were with a ranged of -0.16 to -0.25 °C. Thus, they were considered to be the uncertainty of the FO-DTS data interpretations rather than the influence of cold groundwater. As shown by the low STDEV, we found no anomalies analogous to the colder up-welling groundwater in the observation reaches, possibly explaining the bypassing of regional groundwater due to preferential lateral flow or confining streambed structures beneath the zone of investigated (Krause et al., 2012) . 20
Discussion
Implications of SW-GW interaction in permafrost region
The trends of the thermal velocities demonstrated the SW body tended to lose more water over time in the permafrost areas (P1 and P2), associate with the deepening of the active layer thawing front. While the hydraulic condition in permafrost-free area was fluctuated but exhibited no such trend. Carey et al. (2013) and Quinton and Baltzer (2013) suggested that the 25 thickening active layer could lead to decreases in the bulk hydraulic conductivity (K) and the hydraulic gradient. Thus, the increasing losing condition in permafrost area was caused mainly by increases in soil drainage (Walvoord et al., 2012) , and the enhancement in suprapermafrost transmissivity due to the thickening countered by reductions in bulk K. The intensity of the SW-GW interaction in the area without permafrost fluctuated, but exhibited no trends in summer. This observation is consistent with studies using chemical and isotope analyses in a boreal catchment that indicated the thickening of the active 30 layer can transmit more water through a lower hydraulic conductivity (K) zone (Quinton and Baltzer, 2013; Koch et al., 2014) .
9
In summary, the heat tracing method can provide direct evidences for the changing SW-GW interactions in permafrost area that have been deduced through permafrost thaw modeling and chemical analyses.
The losing condition according to 1-D HTE means that the ground water table is deeper beneath the SW body. While the less temperature anomalies according to FO-DTS means no groundwater inflow to the SW body. In summary, it demonstrated the low connectedness between the stream and underlying aquifer. The changes in the relative connectedness between the stream 5 and the underlying aquifer can influence interactions between SW-GW (Hatch et al., 2010) . Permafrost can act as an impermeable layer that limits infiltration, storage, and connectivity with deeper regional flow. Then it can lead to a higher hydraulic head in the subpermafrost aquifer and lower hydraulic heads in the suprapermafrost aquifer (Woo, 2012) . Later in the thawing period, as the active layer thawing and groundwater table deepen beneath the stream, losing reaches in permafrost areas may become more disconnected between the surface water and groundwater. It should be noted that not all reaches in 10 the YNG basin experienced losing conditions. Based on field observations, there were some instances of up-welling groundwater in the streambed near the lower boundary of permafrost. Result from isotopic tracer analyses performed by Li et al. (2016a Li et al. ( , 2016b in the other upper Heihe River sub-basins, indicated that water from the active layer accounted for 9-29 % of the total runoff in July. Unfortunately, these reaches were not suitable for the FO-DTS observation because of the braided nature of the stream at these locations. 15
The approach we present provides the potential understanding of SW-GW interaction in permafrost regions for a broad range of temporal and spatial scales by extending current knowledge from previous studies based on the point-in time or point-inspace measurements (Tyler et al., 2009) . Our approach also supports the identification of spatial patterns and temporal distribution of the SW-GW interaction.
Limitations and uncertainties in permafrost region 20
The combination of FO-DTS derived streambed temperatures with HTE temperature gradients provides a powerful indicator of SW-GW exchange controlled by the streambed. However, there are still limitations and uncertainties with this approach, particularly in permafrost regions.
Limitations
The harsh cold environment made very high demands of the measurement devices (on their accuracy, measurement range, and 25 service life). Field measurements (Fig. 7) showed that the streambed temperatures in permafrost regions can fall below 0 °C in summer from July to September in 2015, with air temperature differences between day and night up to 28 °C.
The permafrost region is characterized by the intensification occurrence of the freeze-thawing and frost heavy actions. We installed FO-DTS at seven observation sites for temperature-depth variations in the study area, three of which failed because of frost heaving damage. Even in the available observation sites (e.g. S1), the sensor cannot exactly catch the signals giving 30 rise abnormal data influenced by the freeze-thawing cycle (green rectangles in Fig. 7 ).
10
The technological development of low-cost, accurate and reliable miniature temperature recorders has facilitated the measurement of stream temperatures (Webb. et al., 2008) . Theoretically, the FO-DTS method has high temporal and spatial resolution and generally exceeds the traditional point-in time or point-in-space measurement (Tyler et al., 2009) . However, the long-term temporal repeatability of DTS systems is unknown and is an area of continued design. The DTS system remains very expensive for research applications and the environment for hydrologic applications is more complicated than that for 5 industrial applications.
Uncertainties
To address the erroneous temporal spreading of advective velocities and significant anomalies induced by signal-processes techniques, such as Fourier transform and Dynamic Harmonic Regression (Hatch et al., 2006; Keery et al., 2007) , our computer program directly extracted sinusoidal temperature signals from noisy raw temperature records without filtering. As a result of 10 the decline of energy with depth, some low energy oscillations became linear (i.e. without sinusoidal signal). There were 13 days without a sinusoidal signal at P2, 8 days at S2, and 6 days at S1, which correlates to 14.1 %, 8.7 %, and 6.5 %, respectively, of the observation days. Thus, the cold environment in permafrost regions can result in many days lacking a sinusoidal signal at some depths. For example, the air temperature at 15 min interval at P2 showed that even in August, the air temperature fell below the 0 °C. The days without a sinusoidal signal occurred when extremely low temperatures were experienced at night or 15 low temperatures were experienced during the daytime (Fig. 8) .
System responses to sudden water flux transients may introduce errors. The temporal patterns of the changing thermal velocity can occur in association with short-term increases in channel discharge (Hatch et al., 2010) . This was also noted in our observations at S1 (Fig. 9 ), where a high water level was followed by strong losing conditions. McCallum et al. (2012) concluded that rapid changes in hydraulic forcing (i.e., floods) can lead to erroneous fluxes because of a violation of the method 20 assumptions. Furthermore, a reversal in the flux direction, as expected during flood events (e.g. the nature of the flood hydrograph as well as return flow to bank storage), complicates the system's thermal response. Thus, the use of heat tracing methods based on the assumption of harmonic temperature data will lead to potentially flawed flux estimates (Rau et al., 2015) .
The physical and thermal properties of streambed limit the heat tracing method in permafrost regions. Physical and thermal parameters, such as porosity, sediment density, bulk thermal conductivity, and heat capacity, have been reported to be nearly 25 independent of sediment texture and location (Rau et al., 2010) . It is difficult to estimate accurate physical and thermal parameters, particularly in the roughness river course of the permafrost region, leading many heat tracing studies to use reference values obtained in the laboratory. For example, using the literature values of thermo-physical properties in the Monte Carlo analysis, there was nearly a 3-fold difference between the maximum and minimum Darcy velocity (McCullum et al., 2012) . 30 
Conclusions
This study demonstrated the potential of heat tracing methods for studying the SW-GW interactions across the streambed in permafrost regions of the northern Tibetan Plateau. The 1-D HTE analytical heat tracing in the observation sites revealed the increasing SW-GW interaction induced by active layer thawing. The SW-GW interaction tended to increase with time in the areas with permafrost, occurring in association with the deepening of active layer thawing. As the active layer thawing and 5 groundwater table becomes deeper beneath the stream later in thawing periods, losing reaches in permafrost areas may become more disconnected. Our results indicate that the heat tracing method can offer strong evidence for the increasing SW-GW interactions induced by permafrost thaw.
Although the FO-DTS monitoring identified no up-welling groundwater in the observation area, when combined with 1-D HTE analytical analysis, the combined methods proved to be a useful indicator for the discrimination of temporal and spatial 10 patterns of SW-GW interactions. By using the comparative 1-D HTE analytical heat tracing method and FO-DTS observed temperature anomalies, this study offers a validated strategy for optimizing the experimental design in a permafrost region with limited information of streambed structure and physical properties.
Our approach has been validated for SW-GW interactions of summer streams in permafrost regions, with the active layer in thawing periods. Future work should focus on testing the application of the present approach and adapting it for complicated 15 streambed environments in permafrost regions, including areas with or without permafrost and/or talik zones. 
